The U.S. Department of Energy (DOE) is currently processing high-level waste (HLW) through a Joule-heated melter (JHM) at the Savannah River Site (SRS) and plans to vitrify HLW and Low activity waste (LAW) at the Hanford Site. Over the past few years at the DWPF, work has concentrated on increasing waste throughput. These efforts are continuing with an emphasis on high alumina content feeds. High alumina feeds have presented specific challenges for the JHM technology regarding the ability to increase waste loading yet still maintain product quality and adequate throughput. Alternatively, vitrification technology innovations are also being investigated as a means to increase waste throughput. The Cold Crucible Induction Melter (CCIM) technology affords the opportunity for higher vitrification process temperatures as compared to the current reference JHM technology. Higher process temperatures may allow for higher waste loading and higher melt rate.
INTRODUCTION
Vitrification of high level defense wastes has been underway in the United States since the mid 1990s with operations at the Defense Waste Processing Facility (DWPF) at the Savannah River Site. A recent focus of these operations is on increasing waste throughput. To achieve higher waste throughputs, both improvements in waste loading and increases in melt rate have been targeted [1] . Glass composition development efforts have resulted in increases in waste loading from nominally 28 wt % to about 40 wt %. Glass formulation efforts have also resulted in frits that promote higher melt rates. Melter system enhancements such as the incorporation of a melter glass pump have also increased melter production rates. Construction is also underway on the Waste Treatment Plant (WTP) at the Hanford Site for facilities to vitrify high level and low activity radioactive wastes [2] .
Future waste compositions, however, will present challenges to continued process improvements. Specifically, DWPF waste compositions with high alumina concentrations have been shown to limit waste loading [3] . High concentrations of alumina in alkali borosilicate glasses result in an increase potential for nepheline (NaAlSiO 4 ) crystal formation in the glass [3] . The formation of nepheline can have a detrimental impact on glass durability because it decreases the amount of the glass forming oxides Al 2 O 3 and SiO 2 in the glass matrix. Additionally, the refractory nature of alumina limits the melt rate for high alumina content feeds. Future processing at the WTP will also be impacted by high alumina content feeds [2] .
The reference JHM technology has a maximum process temperature of 1150° C. This temperature limitation combined with the refractory nature of the high alumina feeds hampers continued waste throughput improvements in JHMs. The CCIM technology offers the potential for higher vitrification process temperatures and increased waste loading for high alumina feeds.
A focused testing program is in progress with a primary goal to demonstrate maximized alumina content without detrimentally impacting glass properties or melter processing. The test program involves two phases: a glass composition testing phase and melter testing phase. Two approaches were utilized in the glass formulation testing effort. The first involved utilization of the positive attributes of the CCIM and formulating glasses specifically for processing at the higher process temperatures afforded by the CCIM. The second approach involved more detailed formulation and testing of glasses to evaluate compositional effects on glass properties. The results of this testing will be used to direct JHM testing on high content alumina glass compositions.
EXPERIMENTAL DETAILS

Glass models
Glass composition models have been utilized extensively as prediction tools for waste glass formulation and for control of vitrification processes [4] [5] [6] . A Product Composition Control System (PCCS) was developed for DWPF based on work by Jantzen, et al. [6] . A Measurement Acceptability Region (MAR) approach was developed by Peeler and Edwards to facilitate formulation of waste glasses for DWPF [7] . The MAR approach allows for efficient evaluation of glass compositions against the PCCS constraints for various glass quality and processing properties. A "nepheline discriminator" is included as one of the MAR terms. The nepheline discriminator is based on work by Li, et al. [8] . The nepheline discriminator utilizes waste glass composition to predict the potential for nepheline formation. Specifically, glasses with SiO 2 /(SiO 2 +Na 2 O+Al 2 O 3 ) > 0.62, where the chemical formula represents mass fractions in the glass, do not tend to precipitate nepheline. The MAR approach was utilized in the formulation efforts in this study with specific emphasis on the nepheline discriminator function.
Glass formulation development for CCIM testing
As previously mentioned, the CCIM technology allows for processing at higher temperatures as compared to the JHM. Therefore, candidate glass compositions for CCIM testing at the SIA Radon Institute in Russia were targeted for melting temperatures of 1250° C and the MAR constraint for liquidus temperature (associated with processing in the JHM) was essentially ignored. A DWPF Sludge Batch 4 (SB4) surrogate waste composition was identified for testing (Table I) . This sludge had a high alumina content and was previously found to present waste loading and melt rate challenges for the JHM.
A previously developed frit composition (Frit 503) was used as a basis for identification of candidate glass formulations. Frit 503 was modified by lowering the sodium content and/or increasing the boron content. It was hypothesized that removing sodium from the glass would mitigate nepheline formation based on the nepheline discriminator equation. A decrease in alkali content would also result in an increase in SiO 2 content and would be expected to be favorable per the nepheline discriminator equation. Increasing boron content was also postulated to reduce nepheline formation based on previous observations [8] . The candidate frit compositions are shown in Table II . The MAR assessment tool was used to evaluate the compositions for waste loadings from 30 to 65 wt % waste loading (on a calcined oxide basis). Based on favorable MAR assessment results, it was decided to fabricate glasses using all five candidate frit compositions at 40, 45, 50, and 55 wt % waste loading. The compositions were batched using oxide chemicals and melted at 1250° C in Pt/Rh crucibles. After nominally two hours at temperature, the glasses were quenched by pouring on a steel plate. A portion of the glass was heat treated to simulate cooling along the centerline of the DWPF canister (i.e. Canister Centerline Cooling (CCC) profile) [9] . Both quenched and CCC glass samples were then evaluated for crystallization using X-ray diffraction (XRD). Durability testing was conducted on quenched and CCC glass samples using the Product Consistency Test (PCT) [10] .
Glass formulation development for JHM testing
A two-phased approach was used to develop glass compositions to support future JHM testing at the V. G. Khlopin Radium Institute (KRI) in Russia. The initial phase involved development of a test matrix of glasses to evaluate the solubility of aluminum, chromium and sulfur over a range of compositions that were considered bounding for future sludge batches to be processed through DWPF and WTP. A total of 45 glass compositions were developed. The 45 glasses were divided into a "U.S. matrix" for glass fabrication and analysis at the Savannah River National Laboratory (SRNL) and the Pacific Northwest National Laboratory (PNNL) and a "KRI matrix" for glass fabrication and testing at KRI. Details on these glass compositions are described elsewhere [11] . The results of this testing was used to direct glass composition development for future melter testing at KRI. The future melter testing will include small-scale melter testing to evaluate melt rate followed by testing in a larger-scaled JHM. To support DWPF needs, a sludge batch 5 (SB5) simulant composition was identified for testing. Two possible cases are under consideration for SB5 processing at DWPF. One involves typical tank blending and washing strategies to produce a suitable feed for processing in the DWPF. The second involves an additional process where aluminum is dissolved and removed from the sludge in order to reduce the mass of material that must be processed through the DWPF. Table  I shows compositions for both scenarios. To support Hanford WTP interests, a high alumina sludge surrogate was selected for future melter testing (Table I) .
Development of the specific glasses for subsequent melter testing was based in part on the results of the first portion of this study (i.e., the "U.S. Matrix" and "KRI Matrix" glasses) and leveraging existing data that may support the development process. In fact, the frit composition identified for melter testing to support WTP (Table II) was based on these previous studies and, for brevity, will not be discussed further. Candidate glasses for JHM testing were assessed using the MAR assessment tool for an array of frit formulations and the two SB5 compositions identified in Table I for varying waste loadings. This screening assessment led to 4 primary frit formulations for more detailed assessment. Test glasses based on these 4 frit formulations were fabricated at 35 and 40 wt % waste loading (calcined oxide basis) were melted at 1150° C for nominally 2 hours and poured on a steel plate. Both as-fabricated and CCC glasses were characterized as described previously.
RESULTS AND DISCUSSION
MAR assessment for CCIM glasses
A MAR assessment for SB4 candidate glasses for testing in the CCIM was conducted for waste loadings from 30 to 65 wt %. The candidate compositions failed the current liquidus temperature constraint for JHM melter processing (950° C) at all but the lowest waste loadings. As mentioned, this constraint was ignored due to the ability of the CCIM to achieve high process temperatures. When ignoring the liquidus constraint, the constraints that limited waste loading were "high viscosity" at low waste loadings and the "nepheline discriminator" at high waste loadings. The MAR acceptability regions for the 5 candidate frits are summarized in Table III .
MAR assessment for DWPF JHM glasses
MAR assessments were performed using the two sludge compositions, described earlier, along with the candidate frit compositions. In general, the ranges of WLs over which an acceptable glass was predicted were larger for the SB5 "without Al-dissolution" sludge composition. All of the selected frits provided WLs of 40% or better for this sludge. The WLs are all limited by predictions of nepheline crystallization. Frit 503 was also limited by a predicted liquidus temperature of more than 950° C at a WL of 42%. The range of WLs over which an acceptable glass was predicted was smaller for the frits with the SB5 "with Aldissolution" sludge composition. The WL ranges were limited by either predictions of high liquidus temperature, low viscosity, or both. The MAR acceptability region for these candidate frits for the two sludge processing conditions is depicted in Table IV .
Experimental results for CCIM candidate glasses
Samples evaluated by XRD were analyzed under conditions providing a detection limit of approximately 0.5 vol %. The XRD results for the quenched CCIM candidate glasses showed only the presence of spinel-type crystals (magnetite and trevorite) at the highest waste loading (55 wt %). Spinel-type crystals were evident in the CCC glasses for all waste loadings. Nepheline was detected in CCC glasses at 55 wt % waste loading for compositions 503-R1, 503-R2, 503-R3, and 503-R5. Nepheline was not found in any glasses for the 503-R4 composition. This was contradictory to the MAR assessment of predicted nepheline formation at 52 wt % waste loading.
The PCT results for the 50 and 55 wt % waste loading glasses are shown in Table V . The normalized release values were all significantly below the Environmental Assessment (EA) glass. The EA glass is the reference standard used to assess repository acceptability of the waste glass. An increase in relative release rate was evident for the 55 wt % CCC glasses likely caused by the presence of nepheline in these glasses.
Based on the results of the experimental testing composition 503-R4 was selected for follow-on CCIM testing with the SB4 composition. This composition exhibited more than adequate durability and no evidence of nepheline formation occurred in 55 wt % waste loading glasses even after being subjected to the CCC heat treatment. 
Experimental results for JHM candidate glasses
In general, all of the quenched glasses (both 35 and 40 wt % waste loading) were either X-ray amorphous (no crystallization at the XRD detection limit) or contained small amounts of magnetite and/or trevorite. XRD results for the ccc glasses were similar to those for the quenched glasses, although all of the ccc glasses at 40% waste loading were found to contain trevorite. It is noted that nepheline formation was not identified in any of the study glasses up to 40 wt % waste loading, consistent with the nepheline discriminator constraint that was included in the MAR assessments.
The PCT results for the 50 wt % waste loading (Table VI) show that each glass has a durability that is considered very acceptable, with normalized releases for boron (NL [B] in g/L) that are better than an order of magnitude below that of the EA glass standard, regardless of heat treatment.
Because the crystallization and PCT data were comparable for all frit compositions, the selection was made with the intent of better determining the effect of frit composition on melt rate. Recent frit development efforts for DWPF have identified frits with a higher concentration of B 2 O 3 as being beneficial for improving melt rate [12] . Frits 520, 503 and 517 were therefore recommended for the initial melter testing since they cover a relatively wide range of B 2 O 3 concentrations (8, 14 and 17 wt%, respectively). This selection of frits also eliminates the frit that resulted in the poorest normalized release for boron seen in this study (1.32 g/L for Frit 521 at 40% waste loading with the SB5 without Al-dissolution sludge). 
